Introduction {#s1}
============

Recent evidence indicates that biodiversity is declining on a global scale ([@COV010C8]). This is a major concern because of the largely negative impact that a reduction in species richness has on many ecosystem functions ([@COV010C10]). Human activity is a major cause of this reduction in species richness, primarily through actions leading to habitat loss ([@COV010C23]). The transportation of alien species into new environments also has the potential to impact biodiversity significantly and is a factor that has become increasingly relevant as human activity has globalized ([@COV010C48]). Invasive species may reduce or eliminate native populations through processes such as predation ([@COV010C66]; [@COV010C12]; [@COV010C45]; [@COV010C7]; [@COV010C4]), competition ([@COV010C59]; [@COV010C33]; [@COV010C16]; [@COV010C54]; [@COV010C28]; [@COV010C9]) and pathogenicity ([@COV010C43]; [@COV010C82]; [@COV010C85]). Understanding the factors that allow a given alien species to invade successfully, i.e. to colonize and flourish in a new environment, is critical for their management, and numerous studies have been designed to improve our understanding of what factors predict invasive success ([@COV010C20]). There are many hypotheses that attempt to explain determinants of successful invasion, implicating factors such as the traits of the invaders, size and frequency of introductions and the geography at the sites of introduction (reviewed by [@COV010C13]), but no consensus regarding what creates a successful invader or even how best to address this question experimentally has been reached ([@COV010C78]). Instances of post-arrival adaptation of invaders have been demonstrated repeatedly, suggesting that local adaptation may be an important factor for invasive success, yet this is often not considered in studies aiming to determine what makes some species superior colonists ([@COV010C81]). The present study investigates the possibility of local adaptation among populations of the highly invasive cane toad (*Rhinella marina*) within Australia, where this species has had a significant negative ecological impact. The question of whether adaptation will facilitate invasion beyond current predictions is critical for informing management strategies.

The cane toad (*R. marina*) is a large anuran species native to Central and South America ([@COV010C88]) that has been introduced to numerous countries around the world, including Australia, Puerto Rico, Fiji and the USA (Hawaii and Florida), as a method of agricultural pest control ([@COV010C17]). The cane toad is toxic ([@COV010C74]; [@COV010C24]), exhibits a flexible breeding cycle with high reproductive output ([@COV010C36]; [@COV010C73]), has proved to be adept at colonizing new environments ([@COV010C39]) and is considered to be one of the 100 worst invasive alien species in the world ([@COV010C42]). In Australia, the cane toad has gained a significant foothold, spreading to \>15% of the continent since its introduction in 1935 ([@COV010C35]). After its release into tropical Queensland, the cane toad expanded its range predominantly across lower latitudes in northern Australia and is now present in northern Western Australia.

How far introduced cane toads will ultimately spread has been a question that has commanded considerable attention, and several predictive studies have been carried out in an attempt to provide an answer (reviewed by [@COV010C57]). The first of these suggested that cane toads had already exceeded their expected distribution limits in Australia ([@COV010C75]), but more recent studies all predict cane toad distributions that extend significantly further at lower latitudes than the present distribution and predict comparatively minimal expansion into higher latitudes ([@COV010C76]; [@COV010C32]; [@COV010C35]). In addition, in all three of these recent studies the potential for adaptation to confound predictions of future distributions is discussed. This possibility deserves attention because species removed from their native environment may be afforded the opportunity to adapt in novel ways due to the addition and subtraction of various selection pressures ([@COV010C21]; [@COV010C72]).

Establishing evidence of local adaptation within populations is challenging. To demonstrate that phenotypic differences between populations have a genetic basis, multiple generations must be raised in common controlled conditions; the so-called 'common garden experiment' ([@COV010C31]). Such an experimental approach is necessary to account for the confounding effects of phenotypic and developmental plasticity ([@COV010C83]). This approach has been used to demonstrate heritable differences in growth rate ([@COV010C55]) and dispersal rate ([@COV010C58]) between populations of cane toads along the rapidly expanding northwest invasion front and long-established populations near the point of introduction. Adaptation of other traits, including limb morphology, hopping speed, endurance and desiccation resistance ([@COV010C56]; [@COV010C41]; [@COV010C30]), has also been implicated as a mechanism facilitating the accelerating northwest push across low latitudes, but no study as yet has considered whether adaptation to cold conditions is facilitating the movement of cane toads into higher latitudes.

A recent theory that provides a mechanistic explanation for temperature limitation in ectotherms is the oxygen-limited thermal tolerance (OLTT) hypothesis ([@COV010C87]; [@COV010C15]). This hypothesis postulates that thermal limits (i.e. the minimal and maximal temperatures at which an organism can survive) in ectotherms are determined by the inability of the circulatory system to deliver oxygen above and beyond an organism\'s basal metabolic requirements at low and high temperatures. This difference between maximal oxygen supply and the metabolic cost of basic physiological maintenance (aerobic scope) allows an organism to devote energy to additional functions that enhance its Darwinian fitness, such as locomotion and reproduction ([@COV010C3]; [@COV010C11]). Several studies have provided support for the OLTT hypothesis among aquatic vertebrates and invertebrates ([@COV010C19]; [@COV010C44]; [@COV010C53]; [@COV010C37]; [@COV010C50]; [@COV010C49]; [@COV010C79]), but relatively little attention has been given to its applicability for terrestrial species. Only two studies have tested OLTT on a terrestrial vertebrate ectotherm, both on the cane toad, but neither found any evidence for OLTT ([@COV010C70]; [@COV010C52]).

An interesting observation to emerge from the studies by [@COV010C70] and [@COV010C52]) was that cane toads acclimated to 20 and 30°C showed no difference in metabolic rate when measured at their respective acclimation temperatures, despite a 10°C difference in test temperature, demonstrating the significant thermal metabolic plasticity of the species ([@COV010C70]; [@COV010C52]). Such a response suggests that maintaining metabolic rate above a minimal threshold may be an important strategy for coping with low temperatures; hence, metabolic plasticity may be key to expanding the cane toad\'s thermal niche. While increased metabolic rate may be considered a cost rather than a benefit, it is an energetic cost that can be met to facilitate a fitness benefit, e.g. the increased intake hypothesis ([@COV010C51]), and there are studies demonstrating an association between increased metabolic rate and beneficial traits such as social dominance ([@COV010C64]; [@COV010C27]; [@COV010C86]; [@COV010C62]), reproductive success ([@COV010C5]) and over-winter survival ([@COV010C29]; [@COV010C6]). [@COV010C70] also found that accumulation of blood lactate increased during exercise at low temperatures, indicating an increase in the energetic cost of locomotion. This increased expense was not alleviated by low-temperature acclimation. Likewise, [@COV010C46] previously demonstrated a failure of acclimation at 12°C to improve locomotor performance at 12°C over cane toads acclimated at 22°C. Thus low-temperature constraints on locomotor capacity and performance may be limiting the ability of the cane toad to advance into colder regions.

In the present study, we investigated the possibility that cane toads on the high-latitude invasion front in Australia are adapting to colder environments, and thus have the capacity to advance further into high-latitude regions. This was done by measuring key physiological traits predicted to be limiting for the species at cold temperatures and thus possible targets for natural selection to facilitate dispersal into colder climates. Cane toads from high (southern) and low (northern) latitudes were acclimated for a minimum of 8 weeks to temperatures of 15 or 30°C. The resting rate of oxygen consumption (V.[o]{.smallcaps}~2~rest; a proxy for the metabolic cost of basic physiological maintenance), peak post-exercise rate of oxygen consumption (V.[o]{.smallcaps}~2~max; a measure of maximal oxygen supply capacity), aerobic scope (V.[o]{.smallcaps}~2~rest; subtracted from V.[o]{.smallcaps}~2~max) and locomotor performance were measured at 10, 15, 22.5 and 30°C to test the following hypotheses: (i) based on the considerable thermal metabolic plasticity of cane toads ([@COV010C70]; [@COV010C52]) and the associated implications for cold temperature tolerance, it is predicted that high-latitude toads will show a greater increase in metabolic rate than low-latitude toads when acclimated to cold temperatures; (ii) based on the predictions of [@COV010C70] that limited capacity to acclimate locomotor performance to cold temperatures may limit the spread of this species into colder climates, it is predicted that high-latitude toads will show enhanced locomotor performance at low temperatures compared with low-latitude toads; and (iii) based on the predictions of the OLTT hypothesis, high-latitude cane toads will show a greater aerobic scope than low-latitude cane toads at lower temperatures.

Materials and methods {#s2}
=====================

Animal collection and maintenance {#s2a}
---------------------------------

Low-latitude cane toads were collected from two populations in northern Queensland in September and October 2012. The first population was sourced from a 150 km stretch of coastline adjacent to the Gulf of Carpentaria, and the second was collected in Mareeba. These populations were chosen due to their proximity to Cairns, where cane toads were first introduced to Queensland. High-latitude cane toads were collected from two populations in Ballina and Yamba in northern New South Wales in December 2012 ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). New South Wales Parks and Wildlife officers specializing in invasive species management reported that these represent some of the most southern locations in Australia where cane toads are well established.

Once transported to The University of Queensland, 40 toads from each region (high and low latitude) were divided equally and randomly across two acclimation temperatures of 15 and 30°C. Toads were maintained in groups of five in plastic containers 65 cm long × 35 cm wide × 35 cm deep containing water and damp bark chips deep enough for burrowing. Containers were housed inside two temperature-controlled rooms, in which the acclimation temperatures were regulated to ±1.5°C, and maintained a 12 h light--12 h dark photoperiod. All toads were acclimated to these conditions for a minimum of 8 weeks and a maximum of 14 weeks before measurements. Animals were collected at different times during the year to reduce the time over which measurements were taken and to align with the later emergence of high-latitude toads, thus the collection and acclimation of high-latitude toads began as experimental procedures on low-latitude toads commenced. Toads maintained at 30°C were fed an average of four adult cockroaches (*Nauphoeta cinerea*) per week, while those at 15°C were fed two adult cockroaches per week. This was chosen based on the reported energy density of this cockroach ([@COV010C69]) and cane toad resting rates of oxygen consumption determined in a previous study ([@COV010C22]).

Physiological traits and test temperatures {#s2b}
------------------------------------------

The physiological traits of V.[o]{.smallcaps}~2~rest, V.[o]{.smallcaps}~2~max, aerobic scope and locomotor performance were measured at the four test temperatures of 10, 15, 22.5 and 30°C. The V.[o]{.smallcaps}~2~rest was measured during the inactive circadian phase (day). The V.[o]{.smallcaps}~2~max and locomotor performance were measured during the active circadian phase (night). A stratified random-order regimen was used for all measurements.

Resting rate of oxygen consumption {#s2c}
----------------------------------

The V.[o]{.smallcaps}~2~rest (in millilitres of O~2~ per hour) of an individual toad was measured using positive-pressure flow-through respirometry. Atmospheric air was drawn from outside using a pump (TR-SS3; Sable Systems, USA) and scrubbed of CO~2~ using soda lime and water vapour using Drierite before passing through a mass flow controller (GFC17; Aalborg, Orangeburg, NY, USA) that regulated the flow rate to a nominal value of 50 ml min^−1^ at 10, 15 and 22.5°C and 100 ml min^−1^ at 30°C. Mass flow controllers were calibrated using a NIST-traceable bubble film flowmeter (1--10--500 ml; Bubble-O-Meter, Dublin, OH, USA). After the mass flow controller, air was rehumidified using a 1 litre gas-washing bottle (Schott, French\'s Forest, NSW, Australia) before passing through the respirometry chamber (460 ml plastic container). The humidifying gas-washing bottle and respirometry chamber were housed inside a temperature-controlled cabinet (ERI140; ProSciTech, Thuringowa, QLD, Australia) that regulated the test temperature to ±0.5°C. After the respirometry chamber, air was scrubbed of water vapour using Drierite before passing through a CO~2~ analyser (LI-7000; LI-COR, Lincoln, NE, USA) and an O~2~ analyser (Oxzilla II; Sable Systems, Las Vegas, NE, USA). The CO~2~ and O~2~ analysers were interfaced with a PowerLab 8/30 A/D convertor (ADInstruments, Bella Vista, NSW, Australia), which recorded fractional concentrations of CO~2~ and O~2~ in the excurrent air at a frequency of 10 Hz. The CO~2~ analyser was calibrated with dry CO~2~-free air and a certified gas mixture (0.386 ± 0.008% CO~2~ in N~2~; BOC Gases, Wetherill Park, NSW, Australia), and the O~2~ analyser was calibrated using dry CO~2~-free air.

Before being measured, toads were fasted for a minimum of 5 days ([@COV010C69]; [@COV010C22]). Measurements were conducted on a by-container basis, and the measurement order of the eight containers within a region (high or low latitude) was randomized. Blocks of four containers were tested at a given test temperature, and the order of the test temperatures was randomized. Each time a container was tested, the order in which the individuals within that container were tested was randomized. The four individuals that were to be tested on a given day were maintained in the temperature-controlled cabinet at the test temperature for the night prior to being measured. Respirometry measurements on individual toads were conducted for 4 h, with two toads being measured simultaneously in the morning and two toads measured simultaneously in the afternoon. The rate of oxygen uptake (V.[o]{.smallcaps}~2~) and rate of carbon dioxide production (V.[o]{.smallcaps}~2~) were calculated according to standard equations ([@COV010C40]) for the 3 h period with the lowest mean V.[o]{.smallcaps}~2~.

Peak post-exercise rate of oxygen consumption {#s2d}
---------------------------------------------

Logistical constraints dictated that the measurement regimen for V.[o]{.smallcaps}~2~max (in millilitres of O~2~ per hour) differed between high- and low-latitude toads. Low-latitude toads were tested on consecutive nights after all V.[o]{.smallcaps}~2~rest measurements were complete, with 20 toads measured per night at a single test temperature each night until all toads had been tested at all test temperatures. As with V.[o]{.smallcaps}~2~rest measurements, all toads in a container were tested consecutively in a random order, with the order of containers from both acclimation treatments also randomized. For high-latitude toads, every 5 days following a block of V.[o]{.smallcaps}~2~rest measurements on 20 toads at a given test temperature, those toads underwent the V.[o]{.smallcaps}~2~max measurements the following evening at the same test temperature and in the same random order in which they had undergone V.[o]{.smallcaps}~2~rest measurements. Both high- and low-latitude toads were placed in a temperature-controlled cabinet at the test temperature for the night prior to measurements in enclosures similar to those in which they normally lived.

To obtain estimates of V.[o]{.smallcaps}~2~max, toads were exercised in a swimming flume (SW10100; Loligo Systems, Tjele, Denmark) at a water velocity of 0.35 m s^−1^ until exhaustion, and then oxygen consumption was immediately measured using the same respirometry system described for V.[o]{.smallcaps}~2~rest measurements. Similar methods have previously been shown to provide values of V.[o]{.smallcaps}~2~ that approximate, if not exceed, V.[o]{.smallcaps}~2~max during exhaustive exercise and are thus a good indication of maximal respiratory capacity ([@COV010C63]). Flow velocity was measured just below the surface of the water in the middle of the swim chamber (Hand-held unit HFA and 30 mm vane wheel probe, ZS30GFE-md20T/100/p10; Hontzsch, Waiblingen, Germany). The test temperature was controlled by circulating water from a temperature-controlled water bath (CB 8-30E, Heto, Allerød; Denmark) through the heat exchanger of the flume. Toads were encouraged to swim continually by gentle prodding with a wooden spatula. When toads stopped swimming and fell back against the rear of the chamber, their heads were submerged and they were encouraged to continue swimming with gentle prods from behind. If this was done four times in quick succession and the toads still refused to swim, they were considered to be exhausted and were removed from the swim chamber. If toads felt limp in hand they were immediately placed within the respirometry chamber, but if they struggled against being handled then they were returned to the swim chamber and encouraged to keep swimming. Once exhausted, toads were immediately placed within the respirometry chamber to measure V.[o]{.smallcaps}~2~max. At 15, 22.5 and 30°C, toads were left within the respirometry chamber for 5 min. At 10°C, toads had a tendency to hold their breath upon placement inside the respirometry chamber, so were left within the chamber until oxygen consumption was observed to rise and then for a further 5 min. The respirometry chamber was submerged within the water of the buffer tank of the swimming flume to regulate temperature. The mass flow controller in the respirometry system regulated the flow rate to a nominal value of 500 ml min^−1^ at all test temperatures.

Instantaneous rates of oxygen consumption were calculated using the method of [@COV010C1]. The effective chamber volume (including the chamber, tubing and analysers) was measured using nitrogen washout tests, with dead toads of different sizes placed within the chamber. There was no effect of toad mass on the measured effective volume, so a mean value calculated for the different-sized toads was used. Opening the respirometry chamber caused a transient 16 s decrease in O~2~ concentration associated with the admittance of room air; therefore, 16 s of data were removed from the beginning of each measurement. The highest value for oxygen consumption occurring during the remainder of the 5 min period was then used as an estimate of V.[o]{.smallcaps}~2~max.

Locomotor performance {#s2e}
---------------------

Measurements of both locomotor endurance and burst locomotor performance were made during the exercise phase that was used to obtain estimates of V.[o]{.smallcaps}~2~max. A camera (PS3eye; Sony Corporation, Japan) mounted above the swim chamber and connected to a PC was used to record each swimming session at 60 frames s^−1^ using VirtualDub v1.9.11 ([www.virtualdub.org](www.virtualdub.org)). The time for toads to reach exhaustion was used as a measurement of locomotor endurance. The largest distance that they were able to propel themselves with a single jump from the back of the chamber against the water current was used as a measurement of burst locomotor performance. Jumps were considered for analysis if the toad was not prodded or touched, did not push off from the sides and did not leave the water. Jump distance was measured from the video footage with Kinovea v0.8.15 ([www.kinovea.org](www.kinovea.org)).

Aerobic scope {#s2f}
-------------

Absolute aerobic scope was calculated by subtracting V.[o]{.smallcaps}~2~rest from V.[o]{.smallcaps}~2~max. Absolute aerobic scope was used as opposed to factorial aerobic scope (ratio of V.[o]{.smallcaps}~2~max to V.[o]{.smallcaps}~2~rest) because factorial scope was not considered to be informative ([@COV010C14])~.~

Statistical analyses {#s2g}
--------------------

Data for each physiological trait were analysed with a linear mixed-effects model using maximum likelihood using the lme4 package v1.0-4 ([@COV010C2]) of R v3.0.2 ([@COV010C61]) in RStudio v0.97.551 ([@COV010C65]) with region (low latitude or high latitude), acclimation temperature (15 or 30°C), test temperature (10, 15, 22.5 or 30°C), body mass, time spent at the acclimation temperature and the full factorial combination of two- and three-way interactions among acclimation temperature, test temperature and region as fixed effects, with population (Gulf, Mareeba, Ballina and Yamba), container (nested within population) and individual identity (nested within container and population) as random effects. The significance of the random effects and the fixed effect of time spent at the acclimation temperature was examined first using likelihood ratio tests, and non-significant effects were removed from subsequent models. The significance of the remaining fixed effects within this minimum adequate model were then tested using likelihood ratio tests. Random effects were retained within the minimum adequate model if significant at α = 0.25 according to the recommendations of [@COV010C60], and α was set at 0.05 for tests of significance for the fixed effects. When the main effect(s) of region or acclimation temperature were significant or any interaction involving these effects was significant, *post hoc* pairwise comparisons were made among groups at each test temperature using linear models when the model included no random effects or likelihood ratio tests when the model did include random effects. For details of the results of tests involved in model simplification see the [Supplementary material](#sup1){ref-type="supplementary-material"}.

Results {#s3}
=======

Resting rate of oxygen consumption {#s3a}
----------------------------------

There was a significant positive association between log(V.[o]{.smallcaps}~2~rest) and log(mass) ($\chi_{1}^{2} = 49.24$, *P* \< 0.001), and there was a significant three-way interaction between test temperature, acclimation temperature and region ($\chi_{1}^{2} = 7.54$, *P* = 0.006), indicating that between high- and low-latitude regions the effect of acclimation temperature on V.[o]{.smallcaps}~2~rest varied with test temperature (Fig. [1](#COV010F1){ref-type="fig"}). Among low-latitude toads, *post hoc* pairwise analyses showed significantly higher V.[o]{.smallcaps}~2~rest for cold-acclimated animals at 22.5 and 30°C, and no difference at 10 and 15°C (Fig. [1](#COV010F1){ref-type="fig"}a). Among high-latitude toads, *post hoc* pairwise analyses showed significantly higher V.[o]{.smallcaps}~2~rest for cold-acclimated animals at 10, 15, 22.5 and 30°C (Fig. [1](#COV010F1){ref-type="fig"}b). Among all cold-acclimated toads, *post hoc* pairwise analyses showed significantly higher values of V.[o]{.smallcaps}~2~rest for high-latitude animals than low-latitude counterparts at 10 and 15°C and no significant difference between 22.5 and 30°C (Fig. [1](#COV010F1){ref-type="fig"}c). See [Supplementary Table S1](#sup1){ref-type="supplementary-material"} for parameter estimates and test statistics for the minimum adequate model used.

![Resting oxygen consumption (V.[o]{.smallcaps}~2~rest) of cane toads from low- and high-latitudes acclimated to 15 and 30°C. Filled squares indicate toads acclimated to 30°C; open circles indicate toads acclimated to 15°C. Continuous lines indicate northern populations; dashed lines indicatesouthern populations. (**a**) Low-latitude toads acclimated to 30°C and 15°C; (**b**) high-latitude toads acclimated to 30°C and 15°C; (**c**) low- and high-latitude toads acclimated to 15°C; (**d**) low- and high-latitude toads acclimated to 30°C. Analysis indicates a significant three-way interaction between region, test temperature and acclimation temperature (see Results section for details). For plotting, values of log V.[o]{.smallcaps}~2~rest have been adjusted for the scaling effect of log mass. **\***Statistically significant (*P* \< 0.05) pairwise differences at individual temperatures. *n* = 20 for each data point, and error bars represent SEM.](cov01001){#COV010F1}

Peak post-exercise rate of oxygen uptake {#s3b}
----------------------------------------

There was a significant positive association between V.[o]{.smallcaps}~2~max and log(mass) ($\chi_{1}^{2} = 19.4$, *P* \< 0.001), and there was a significant two-way interaction between test temperature and acclimation temperature ($\chi_{1}^{2} = 6.26$, *P* = 0.012). There was no effect of region, indicating that high- and low-latitude toads exhibit the same response, which is an effect of acclimation temperature that varies with test temperature (Fig. [2](#COV010F2){ref-type="fig"}). A *post hoc* pairwise analysis showed significantly higher V.[o]{.smallcaps}~2~max only at 10°C. See [Supplementary Table S2](#sup1){ref-type="supplementary-material"} for parameter estimates and test statistics for the minimum adequate model used.

![Peak post-exercise rate of oxygen consumption (V.[o]{.smallcaps}~2~max) for toads acclimated to 15 and 30°C. Filled squares indicate toads acclimated to 30°C; open circles indicate toads acclimated to 15°C. Data points indicate the combined response of toads from both low- and high-latitudes. Analysis indicates a significant two-way interaction of test temperature and acclimation temperature (see Results section for details). For plotting, values for V.[o]{.smallcaps}~2~max have been adjusted for the scaling effect of log mass. **\***Statistically significant (*P* \< 0.05) pairwise differences at individual temperatures. *n* = 40 for the group acclimated to 30°C and *n* = 39 for the group acclimated to 15°C. Error bars represent SEM.](cov01002){#COV010F2}

Locomotor endurance {#s3c}
-------------------

For time to exhaustion, there was a significant interaction between test temperature and acclimation temperature ($\chi_{1}^{2} = 47.34$, *P* \< 0.001), but no effect of log(mass) ($\chi_{1}^{2} = 4.24,$*P* = 0.12). Both high- and low-latitude toads showed very similar patterns of endurance, with cold-acclimated animals becoming exhausted in approximately half the time at 22.5 and 30°C ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}). A *post hoc* pairwise analysis showed significantly longer time to fatigue at 22.5 and 30°C, while at 10 and 15°C there was no significant difference. See [Supplementary Table S3](#sup1){ref-type="supplementary-material"} for parameter estimates and test statistics for the minimum adequate model used.

Burst locomotor performance {#s3d}
---------------------------

For jump distance, there was a significant positive association with log(mass) ($\chi_{1}^{2} = 32.6$, *P* \< 0.001), and there was a significant two-way interaction between test temperature and region ($\chi_{1}^{2} = 8.35$, *P* = 0.004), indicating that there was no effect of acclimation temperature, but that the effect of test temperature on performance varied with region ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). *Post hoc* pairwise analyses showed no significant difference at any test temperature. See [Supplementary Table S4](#sup1){ref-type="supplementary-material"} for parameter estimates and test statistics for the minimum adequate model used.

Aerobic scope {#s3e}
-------------

There was a significant positive association between absolute aerobic scope and log(mass) ($\chi_{1}^{2} = 18.77$, *P* \< 0.001) and a significant two-way interaction between test temperature and acclimation temperature ($\chi_{1}^{2} = 6.87$, *P* = 0.008). The pattern seen here is almost identical to that of V.[o]{.smallcaps}~2~max because values of V.[o]{.smallcaps}~2~rest are so small compared with V.[o]{.smallcaps}~2~max that they make little difference when subtracted. A *post hoc* analysis showed significantly higher absolute aerobic scope for cold-acclimated toads at 10°C (Fig. [3](#COV010F3){ref-type="fig"}). See [Supplementary Table S5](#sup1){ref-type="supplementary-material"} for parameter estimates and test statistics for the minimum adequate model used.

![Absolute aerobic scope for toads acclimated to 15 and 30°C. Filled squares indicate toads acclimated to 30°C; open circles indicate toads acclimated to 15°C. Data points indicate combined response of toads from both low- and high-latitudes. For plotting, values were calculated from V.[o]{.smallcaps}~2~max and resting V.[o]{.smallcaps}~2~ that was adjusted for the scaling effect of body mass. Analysis indicates a significant two-way interaction of test temperature and acclimation temperature (see Results section for details). **\***Statistically significant (*P* \< 0.05) pairwise differences at individual temperatures. *n* = 40 for the group acclimated to 30°C and *n* = 39 for the group acclimated to 15°C. Error bars represent SEM.](cov01003){#COV010F3}

Discussion {#s4}
==========

In the present study, we investigated geographical variation among the physiological traits of V.[o]{.smallcaps}~2~rest, V.[o]{.smallcaps}~2~max, aerobic scope and locomotor performance. Of the measured traits, only V.[o]{.smallcaps}~2~rest and burst locomotor performance showed differences among high- and low-latitude populations. Our most significant finding was that, as hypothesized, cane toads from higher latitudes showed increased thermal metabolic plasticity at low temperature compared with low-latitude counterparts (Fig. [1](#COV010F1){ref-type="fig"}a, b). As a consequence of this difference in thermal acclimation capacity, high-latitude cane toads have higher resting metabolic rates than low-latitude cane toads when acclimated to cold temperatures (Fig. [1](#COV010F1){ref-type="fig"}c). This elevation of metabolic rate in low-temperature conditions is likely to benefit high-latitude cane toads through increased rates of ATP production that counteract the thermodynamic depression of critical physiological functions ([@COV010C71]).

The second trait that showed a difference between regions was burst locomotor performance. Within high- and low-latitude populations there was no effect of acclimation temperature, while between regions the pattern observed was the opposite of that which would be expected for a beneficial acclimation response (i.e. where performance is maximized at acclimation temperatures; [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). Other studies have also reported no effect or negative effects of cold acclimation on similar measures of jump performance in a variety of anurans ([@COV010C46]; [@COV010C80]; [@COV010C34]). As discussed by [@COV010C83], if the environmental variable to which the response is expected is in fact stressing or damaging to the animal then it may result in reduced performance. Such negative responses may be trait specific, occurring even as other traits respond favourably ([@COV010C26]). It is also possible that selection for this trait may vary between high- and low-latitude environments, or perhaps other traits that are more beneficial are selected for at the expense of burst locomotor performance. If two important traits share some common genetic underpinnings, stronger selection for one may have detrimental effects on the other ([@COV010C38]).

The theory of OLTT suggests that narrowing aerobic scope may be a limiting factor for ectotherms at the edge of their thermal tolerance ([@COV010C87]; [@COV010C15]). Contrary to the predictions of this theory, in cane toads scope is reduced at low temperatures yet the capacity for oxygen uptake following exhaustive exercise remains well in excess of resting metabolic demands (Fig. [3](#COV010F3){ref-type="fig"}). Likewise, measures of locomotor performance (both sustained and burst) may fail to show an improvement at low temperatures for high-latitude toads because they are simply not important factors limiting the species distribution. While the depressive effects of temperature are certainly clear for all traits measured in this study, if this depression in colder climates does not ultimately impact fitness then there may be no selection pressure for an adaptive change to occur.

The question motivating the present study was whether the continued advance of cane toads in Australia into higher latitudes is the result of, or facilitated by, adaptive changes. The significant differences found in V.[o]{.smallcaps}~2~rest between high- and low-latitude cane toads reported here (Fig. [1](#COV010F1){ref-type="fig"}) provide compelling evidence suggestive of such a change, but the design of the present study is not sufficient to demonstrate that the observed differences have a genetic basis because it only eliminates the effects of relatively short-term acclimation of the order of months. Presumably, the animals collected had lived in their respective environments throughout their lives, and thus the differences detected may be the result of irreversible longer-term acclimation responses or the effect of early development in different thermal environments. The latter has been previously shown to affect acclimation limits in adult zebra fish that underwent embryonic development at different temperatures ([@COV010C67]). To correct for any such developmental effects, several generations would need to be raised in controlled conditions to obtain test animals divorced from their ancestral environment.

Additionally, inherent in any assertion of adaptive change is the assumption that cane toads from high and low latitudes are migrants from the original introduction in Cairns. This may not be the case. Cane toads were separately introduced into Byron Bay (NSW, Australia) between 1964 and 1966 ([@COV010C77]; [@COV010C68]). It is not known for certain whether the cane toads introduced into Byron Bay were sourced from Queensland, from their native range or from elsewhere. If high-latitude cane toads do have a different origin or if they are an admixture resulting from separate introductions then they may have genetic differences that were established elsewhere. However, if an origin is shared between regions then adaptation is certainly possible. One prerequisite for genetic differences to arise between populations is sufficient isolation to prevent gene flow from homogenizing genetic variation. Populations can be isolated by geographical or other barriers that physically prevent dispersal, but populations can also be isolated if dispersal and migration distances are sufficiently low that gene flow is not sufficient to prevent genetic differences from arising along a spatial gradient (isolation by distance; [@COV010C84]). There is empirical evidence to support the assertion that isolation by distance can occur over relatively short time scales and facilitate local adaptation ([@COV010C47]). In comparison to other terrestrial vertebrates, this process of genetic differentiation may occur more rapidly in amphibians because their reliance on standing water bodies limits dispersal and reduces interbreeding between populations over relatively short distances ([@COV010C25]). [@COV010C18] tested for evidence of isolation by distance for cane toads in Australia by analysing 10 microsatellites in multiple populations along two transects. The first began in North Queensland and extended northwest for ∼900 km, and the second began in Byron Bay and extended southeast for ∼50 km. Along each transect there was evidence of genetic separation between populations, supporting a scenario of migration only between adjacent populations, with multiple founder effects occurring in a directional manner. Despite covering a considerably shorter distance, populations along the southern transect showed a higher degree of genetic separation, indicating successive reductions in genetic diversity ([@COV010C18]). Such a pattern could be the result of continual selection for individuals with enhanced survival and reproduction at high latitudes, i.e. selection pressures that favour higher thermal metabolic plasticity and metabolic rates at low temperatures.

The cane toad has already gained a considerable foothold within Australia. While the damage is already done in some regions of the continent, there are areas yet untouched by this species. Management decisions regarding the spread of this species depend critically upon whether it will invade pristine ecosystems further or halt at the currently understood limits of its environmental tolerance. The importance of assessing whether adaptation may facilitate the invasion of regions beyond what has been predicted previously is obvious. Here, we add to the growing body of evidence to suggest that the cane toad is in fact evolving rapidly since its introduction to Australia. If the cane toad exceeds invasion predictions by a significant and unexpected margin then not only will the current impacts upon biodiversity intensify, but new species, as yet unaffected, may be impacted by this uniquely successful invader as predator, prey or competitor. This is particularly important as the cane toad invades higher latitudes and different thermal environments, where it will increasingly coexist with a growing list of native inhabitants. These concerns apply not only to this situation but to all instances of invasive species worldwide and illustrate the importance of assessing adaptation of invaders as they move into novel environments. Such assessments will be valuable in ensuring that appropriate decisions can be made to manage this growing threat to global biodiversity.
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